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PREFACE 


During the Voyager A launch and subsequent staging events, project 
management suspected that the spacecraft had had a rough ride. Soon 
after the spacecraft achieved its interplanetary trajectory, it became 
apparent that the science boom had failed to lock and certain abnormal 
behavior of the Voyager A was observed. It was speculated at the time 
that the spacecraft structural system might have been damaged. As re- 
quired by the project, the flight-measured launch vehicle/spacecraft 
interface accelerations were to be assessed prior to the launch of the 
Voyager B. It was during this assessment that the shock spectra from 
the MECO II event were found to exceed the design envelope. An analysis 
to estimate the flight loads for all the important structural members 
was conducted. It was concluded that the structural system was not dam- 
aged, although the loads nad exceeded the design values for certain mem- 
bers at the MECO II event. Fifteen days after the Voyager A launch, the 
second spacecraft, Voyager B, was successfully put into space to begin 
its mission. 


The measurements from both flights were used to systematically de- 
termine the loads in detail. The estimated flight loads reconfirmed 
that a correct conclusion was reached immediately after the Voyager A 
launch. In the present report, the procedures of how that conclusion 
was arrived at will be described. 


The work described in this report was performed by the Applied Me- 
chanics Division of the Jet Propulsion Laboratory. 
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ABSTRACT 


Estimates of flight loads for Voyager 1 and Voyager 2 are summar- 
ized. These member Joads are obtained by using the measured flight ac- 
celerations at the launch vehicle/spacecraft interface as forcing func- 
tions for the Voyager mathematical model. 


The flight loads are compared to the Voyager design loads obtained 
from the shock spectra/impedance method and to the loads obtained using 
space vehicle transient loads analysis. 


Finally, based on these data, an assessment of the shock spectra/ 
impedance loads method used for Voyager is presented. Also the follow- 
ing conclusions have been reached: (1) the shock spectra approach pro- 
vided reasonable conservative design loads for Voyager, (2) care has to 
be executed to insure that all critical events are accounted for in con- 
structing shock spectra envelopes, (3) the selection of critical events 
is not always obvious, especially for those flight events wherein the 
spacecraft dynamic characteristics are important, and (4) the success 
of the method is strongly dependent on the analysts’ experience and 
judgement. 
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INTRODUCTION 


In the late summer of 1977, two spacecrafts, Voyager A and B 
(later redesignated as Voyager 2 and Voyager 1, respectively) were 
successfully launched by the Titan-Centaur launch vehicle to begin 
their journeys to the planets Jupiter and Saturn. The slower Voy- 
ager 2, launched first, may be targeted on past Saturn to explore 
Uranus. 


During the powered flight of the Voyager space vehicle, the 
accelerations at the interface between the spacecraft and the 
Taunch vehicle were recorded as a function of time. Applying these 
interface accelerations to the base of the spacecraft structural 
model, the member loads can be evaluated. The member loads ob- 
tained by this method represent best estimates of the actual luads 
experienced by the spacecraft during the powered flight. In the 
context of this report these loads will be referred to as flight 
loads. The comparison of the flight loads to the design loads is 
the subject cf this report. Such a comparison allows tne evalua- 
tion of the loads methodoloyy used to design the Voyager spacecraft 
and should prove valuable for future projects. 


The methodology for the establishment of spacecraft loads is 
Strongly influenced by project constraints which include the cost, 
schedule and ailowab.e weight. The most rigorous approach is the 
transient loads analysis which requires a composite mathematical 
model of the spacecraft and launch venicle. The structural member 
loads for the entire composite structure are computed by auplying 
the forcing functions, which represent various dynamic environments 
during the mission, to the composite model. Although this method, 
which was used to design the Viking Orbiter spacecraft (Refs. 1 
and 2), ideally leads to a lightweight design, it is costly and 
time consuming due to complex interfaces involving many organiza- 
tions. To reduce complexity and cost a shock spectra/impedance me- 
thod (Ref. 3) was used to design the Voyager spacecraft structural 
system. This method utilizes envelopes of shock spectra of launch 
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vehicle accelerations obtained from analysis and flight mcisure- 
ments and introduces the :2lative impedance of the spacecraft and 
launch vehicle. Since oniy limited information on the launch vehi- 
cle model is involved in this process the design loads iteration 
cycle can be rapidly performed w.thin the payload organization as 
the design evolves. Certain critical assumptions have to be made 
in this process which is based on previous experiences and judge- 
ments in order to simplify the analyses. These assumptions will be 
examined based on the results of the comparison between the design 
loads and fliaht-measured loads. 


Analytical evaluations of the <hock spectra method regaraing 
the cost savings, the accuracy and cegrees of conservatism have 
been previously reported for one spacecraft, Viking (Ref. 4). The 
present effort is a comparison of design and flight loads for the 
first spacecraft structural system specifically designed by this 
shock. spectra/impedance technique. fherefure, the evaluation of 
the methodology and associated assumptions are important for the 
subsequent payloads which may be designed by this method. 


DESCRIPTIONS GF THE DESIGN LOADS ANALYSIS 


The Voyager spacecraft weighs approximately 4600 Ibs of which 
about 12% is considered structural weight. The major structural 
system consists of the high gain antenna truss, the latch truss for 
the radioisotope thermoelectric generators (RTG), the solid rocket 
motor ring, the science boom, the scan platform latch truss, the 
hydrazine tank support truss and the mission module truss. Figure 
1 is a picture of the Vovager spacecraft in the launch configura- 
tion identifying the major structural systems. Although over 600 
structural elements are included in the mathematica! model, only 
the loads of the selected truss members will be used in the pre- 
sent report. 


The objectives of the shock spectra method used in the de- 
sign of the Voyager spacecraft are low-cost analyses within design 
schedule constraints with high reliability at only a moderate ex- 
pense of structural weight as compared to a transient analysis de- 
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sign. This approach was chosen after a thorough review of availa- 
ble alternatives for determining spacecraft structural loads during 
the planning phase of the Voyager project. Since the conventional 
shock spectra method was considered to be too conservative, a me- 
thod was developed wherein the shock spectra approach is modified 
to account for the relative impedance of the spacecraft and launch 
vehicle, and potential changes in the frequencies of the Voyager 
spacecraft. A detailed mathematical development has been report- 
ed previously (Ref. 3). 


Next the dynamic environments which produce the loads were de- 
fined. Prior to the Voyager project, a total of four Titan IITIE/ 
Centaur vehicles have flown. The payloads and launch times were as 
follows: 1) Viking Dynamic Simulator, February 1974, 2) Helios A, 
December 1974, 3) Viking A, August 1975, 4) Viking 8, September 
1975. These flights, together with analytical loads data, formed a 
basis from which the dynamic environments for the Voyager space- 
craft were definec. Figure 2 shows a typical launch profile of 
Taunch vehicle/pay.oad interface acceleration of the Titan/Centaur 
vehicle. Although the profile shown in Figure 2 was obtained from 
the Voyager flight data, similar ones have been measured from the 
four previous flights. Seven events are marked as the critical dy- 
namic events. They are chronologically: 1) Launch (also referred 
to as Lift-off and Stage 0 Igniticn), 2) Max “4 (Maximum Aerod ynam- 
ic Pressure). 3) STG I IG (Stage I Ignition’, 4) STG I BO (Stage I 
Burnout), 5) STG II BO (Stage II Burnout), 6) MECO I (First Cencaur 
Main Engine Cutuff), and 7) MECO II (second Centaur Main Engine 
Cutoff). Clearly, as far as steady state acceleration is concerned, 
it seems that the $TG 1 BG is the most critical event when the 
Space vehicle undergoes approximately a 4g deceleration in a very 
short period. Data obtained from earlier Titan launch vehicle sys- 
tems indicated that launch and STG I BO events produced the high- 
est payload loads. The above mentioned four Titan/Centaur flights 
confirmed that these two events were indeed critical. Other events 
such as Max #6 and STG I IG also produced substantial but some- 
what lower loads. Based on these observations, it was determined 
that only the lainch and STG 1 80 events were to be considered for 
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the Voyager design loads analysis by the shock spectra method. An 
envelope of the ensemble of shock spectra from all the available 
data including the flight-measured and analytical results from Vik- 
ing Dynewic Simulator, Helios and Viking Space Vehicle was estab- 
lished and used in the Voyager loads analyses. The loads obtained 
from this process will be defined as the design loads in the pre- 
sent report. 


For the purpose of estimating the conservatism of the shock 
spectra approach and verifying the final design loads, a number of 
transient analyses were performed on the launch vehicle/payload 
composite model. The first transient analysis included a prelimi- 
nary model for the Voyager spacecraft anc the loads were calculated 
for the launch, Max Ag? STG I BO and MECO II events. Subsequent- 
ly, the analysis for the launch event was updated. Two significant 
conclusions were drawn after comparing the joads: 1) the shock 
spectra approach produced higher loads than that of the transient 
analysis, and 2) it confirmed that the launch crd STG I BO were the 
critical events for design loads analyses. After the design was 
finalized, a transient analysis was performed on th final model of 
the Voyager spacecraft for the launch, STG I BO and Max Me events. 
The detailed descriptions of the last transient analysis can be 
found in a series of "letter reports to WASA" (Refs. 5, 6, and 7) 
from Martin Marietta Aerospace where the analysis was performed. 
Briefly, the loads for the launch event were calculated from six 
separate forcing functions, each representing a different condition 
such as the axial thrust, lateral overpressure (2), differential 
thrust from the two solid rocke. motors, ground wind force and ve- 
hicle/stand misalignment forces. For the Max Sg event, in addition 
to the axial thrust forcing function, six forcing functions repre- 
senting the aerodynamic forces at Mach 1.0 due to pitch and yaw 
angle of attack, buffet loading, gust loading and three dispersion 
loads in pitch, yaw and axial directions were used to calculate the 
loads. For the STG I BO event, 17 forcing functions obtained from 
actual flight measurements of previous Titan fiights were used. 

For each forcing function, a time history solution of the loads 
was calculated trom which the maximum and minimus values were 
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identified as the loads for this particular forcing function. 
These maximum and minimum values were then combined statistically 
within each event to obtain the loads for the given event. In the 
present report, these loads will be defined as transient analysis 
predicted loads. 


Table 1 lists the shock spectra design loads and the transient 
analysis predicted loads obtained from the final Voyager model. 


DESCRIPTIONS OF FLIGHT MEASURF ‘ENTS 


The objective of the flight instrumentation was to provide the 
flight-measured launch vehicle/payload interface accelerations from 
which the shock spectra wouid be ger+- ted and compared with the 
shock spectra envelope used in the ' gn. A complete assessment 
of the Voyager A shock spectra was requir2d before the Voyager B 
was committed to launch. In the present report these interface ac- 
ceieration time histories from both flights will be applied analyt- 
ically to the Voyager structural model at its base. The resulting 
loads are equivalent to those obtained from the launch vehicle/pay- 
load composite model under the corresponding dynamic environments 
(hef.. 8 and 9). From here on, these resulting loads will be re- 
ferred to as flight loads. 


The main flight instrumentation consisted of six piezoelec- 
tric acceiercmeters placed at three locations on the periphery of 
the interface between the Centaur and the Voyager. The three i0ca- 
tions were 120° from one another and each location had two acceler- 
ometers, one in the longitudinal direction and the other in circum- 
ferential direction. The six accelerometers completely dete: nined 
the translational and rotationa: =etion of the interface which was 
assumed to be rigid, i.e., no elastic deformation within the inter- 
face plane. Since structural loads were associated with low fre- 
quency dynamics, the cutoff frequency of the six accelerometers 
was 55 Hz. A seventh accelerometer was mounted on the spacecraft 
bus to measure longitudinal acceleration environments. « had a 
higher frequency range, up to 220 Hz. The measurements obtained 
from the seventh accelerometer are not included in the present 
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report. 


In addition to the accelerometers on the spacecraft, an accel- 
erometer was mounted on the Centaur rocket in the longitudinal di- 
rection to measure the D.C. signal, i.e., the steady state accele- 
ration. Figure 2 has been constructed using the results of these 
measurements . 


The data transmission fron the launch vehicle was pulse code 
modulated digital deta, which was translated into FM analog si9- 
nals and recorded on tares for transmittal to JPL. Selectea time 
slices which represent the critical events were digitized. The 
digitized raw daca for each event were then converted into standard 
time history files which were scaled to provide the appropriscve iev- 
el of acceleration "CG". Finally, the data from tne six acceler- 
ometers ct the interface were combined by tne transformation matrix 
to provide the acceleration time histories along che x, y, and z 
directions, and rotation accelerations about the axes, assuming 
that the Voyager/Centaur interface remained a plane in the frequen- 
cy range of interest. These incerface accelerations were then ap- 
plied to the base of the spacecraft for tne computation of member 
loads. The detailed description of the Voyager fiight measurements 
and the data reduction can be found in Refs. 10 and 1]. Fiaure 2 
shows a typical time slice of long:-udinal interface acceleratior 
for the critical events. Figure 4 shows the member loads calcula- 
ted from the analytical model due to the interface accelerations 
shown in Figure 3 for the structure member 71937 of the high gain 
antenna truss. 't should be noted that witninr each time slice the 
maximum and minimum amplitude is defined :s the flight load for 
that event. During the calculation of member ioads, modal damping, 
“/C. = 0.01, was assumed for all the spacecraft modes. These same 
vaiues were used in the transient loads analysis for the design fr: 
all the launch vehicle/payload composite mode;. 


Table 2 and Table 3 list the flight loads for selected struc- 
ture members for the seven critical events of Voyagers A and B, re- 
spectively In the following, these flight loads will be compared 
with the correspvonding shack spectra cesign luads and the transient. 
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analysis predicted loads. 


COMPARISONS OF DESIGN AND FLIGHT LOADS 


The objective of the comparisons between the design and flight 
loads is to evaluate the design methodology, namely, the shock spec- 
tra approach. Specifically two conditions, (1) that the shock spec- 
tra approach provides conservative but reasonable loads and (2) 
that the launch and STG I BO are the critical events for the design 
loads, must be verified. 


Since the interface accelerations play a very prominent role 
in the shock spectra approach, the flight measurements will be com- 
pared with those obtained analytically from the transient analysis. 
Figure 5 shows this comparison for the launch event. The analyti- 
cal interface acceleration was obtained . applying the forcing 
function representing the lateral overprt_sure condition to the 
launch vehicle/payload composite model. The amplitude of the 
analytical interface acceleration is somewhat higher than those of 
flight-measured values. However due to the different frequency 
contents, it is not certain that the analytical values will produce 
higher loads. Similarly, Figure 6 shows the interface acceleration 
comparisons for the STG I BO event. Here not only the amplitudes 
of the analytical and flight data are similar but aiso the frequen- 
cy contents are characteristically very close. It should be noted 
that some of the forcing functicns used in the transient analysis 
are synthesized based on the experiences from the previous flights, 
and certain conservatism nas been built into these forcing functions. 
Yet the resulting analytical interface acceleration is not much 
greater than those of the flight measuremerts. 


Next, the flight loads will be compared with the corresponding 
design loads. Since only the launch and STG | BO events were 
considered in the loads analysis, the comparison will be made by 
first listing the shock spectra design loads for the two events, 
then listing the ratio of flight loads to the correspaini? ny design 
loads as shown in Table 4. Most of the design loads ert nore than 
twice the flight loads (the flight to design loads ratio less than 
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0.5). This confirms the design postulations that the shock spectra 
approach will provide conservative loads and in view of the uncer- 
tainties, the conservatism is reasonable. However it must be em- 
phasized that the comparisons are made for the launch and STG I BO 
events only. Similar comparisons are made for the transient analy- 
sis predicted loads as shown in Table 5. In this comparison, the 
ratios of flight to predicted loads are much larger than the ones 
in the previous comvarison. In fact, some members have the ratio 
greater than 1.0 which means that the flight loads are greater than 
the corresponding transient analysis predicted loads. One may ob- 
serve that the transient loads analysis indeed does provide more 
accurate loads prediction than that of the shock spectra approach, 
of course at a higher cost. It should te noted here that the tran- 
sient loads analysis for Voyager was performed not for the purpose 
of obtaining the design loads but rather for the verification of 
the shock spectra loads. Had the transient loads analysis been 
used for design purposes, a loads analysis factor would have been 
used to multiply the resulting loads to provide more conservative 
design loads. 


Finally the maximum value ationg the flight loads from seven 
critical events will be examined. This maximum value represents the 
estimated maximum flight load of the given member during the entire 
powered flight. Their comparisons to the maximum design loads will 
indicate the validity of the postulation that the laurch and STG I 
56 are the critical 2vents. From Tables 2 and 3, the maximum 
flight loads for Voyager A and B, respectively, can be determined. 
lmnediately, an observation can be made that most of the maximum 
flight loads came from the MECO II event instead of either the 
launch or the STG I BO event. After the Voyager A launch, the 
Shock spectra obtained trom the flight weasurements wore examined. 
It was found that the MECO II shock spectra was the only one which 
exceeded the design envelope. A quick but not too cursory calcula- 
tion was performed to assess the loads prior to the Voyager 8B 
launch. Figure 7 shows the flight loads of two typical structure 
members for the various events. Clearly, the MECO il event is the 
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most critical event. But the interesting fact is that either the 
launch cr the STG I BO event would have become the critical event 
had the MECO II event not been considered. The question of why the 
importance of the MECO II event was not discovered when the MECO II 
transient analysis was performed may well be raised. One reason is 
that a preliminary Voyager model was used in the MECO II transient 
loads analysis. At the MECO II event, the characteristics of the 
payload were of primary importance, since the launch vehicle consis- 
ted of only the Centaur rocket with depleted propellant. The 
weight of the launch vehicle, 4800 lbs, was approximately equal to 
that of the payload, 4570 Ibs. Clearly, the responses of the com- 
posite model would be highly sensitive to the payload characteris- 
tics. Therefore, it is entirely possible that due to the fact that 
the early Voyager model was not representative of the flight hard- 
ware the loads obtained from the MECO II transient analysis were 
misleading as to the importance of the event. On the other hand, 
the same preliminary model would not introduce serious errors in 
the loads from the iaunch and STG I BO events, since the launch ve- 
hicle weighing 1,400,000 lbs and 129,000 lbs, respectively, was the 
dominant part in the composite model and the responses were less 
sensitive to the payload characteristics. 


From the flight measurements shown in Figure 2 it might be as- 
sumed that the STG I BO is a more severe dynamic environment than 
that of the MECO II. Yet the loads from the MECO I! event were 
considerably higher for most of the structural members. Again the 
reason is the sensitivity of the composite model to the payload 
characteristics. Essentially, during both the STG I BO and MECO II 
events, the launch vehicle/payload conposite structure underwent 
a dynamic environment which can be represented by step functions. 
Therefore, the interface responses would be basically the decaying 
periodic motions with the natural frequencies of the composite sys- 
tem. For the STG I BO event the natural frequencies of the compos- 
ite system would be mainly from the launch vehicle modes. On the 
other hand, for tne MECO II event the composite frequencies would 
be dominated by the payload characteristics. Figure 8 shows the 
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flight-measured interface acce. erations for the STG I BO and MECO 
II of the Voyager A. Clearly, the STG I BO event was a more severe 
dynamic environment than that of the MECO II. However, the MECO II 
had a periodic motion of 28 Hz as compared to 16 Hz for the launch 
event. Since one of the natural vibration modes of the Voyager in 
longitudinal direction was 28 Hz, the loads due to the MECO II will 
be higher due to the resonance of a lightly damped structure. 


With these observations, the maximum flight loads and the max- 
imum design loads are summarized in Table 6 in which the loads ob- 
tained by the transient analysis were also listed for reference. 
The ratios of che maximum design load to the maximum flight load 
are also tabulated. Among the 47 selected members, 12 members have 
the flight loads greater than the shock spectra design loads, i.e., 
the ratio is less than 1.0. But in any case, most of these 12 de- 
sign loads are close to the flight loads such that the shock spec- 
tra design loads should be considered as generally adequate for the 
design purpose. Also the margins of safety for the selected mem- 
bers are listed in Table 6. The values are calculated based on the 
structure members limit capabilities which are much higher than the 
design loads for those members designed by stiffness requirements 
rather than strength requirements. 


CONCLUSION 


The purpose of the present study was to evaluate the shock 
spectra loads analysis as used for the design of the Voyager space- 
craft. The evaluation will be based on the results of the compari- 
sons of the design and flight loads of the Voyager A and B. The 
basic conclusion can be summarized as, 1) the shock spectra ap- 
proach provides reasonable conservative design loads for the dynam- 
ic events under consideration, 2) for Voyager neither the launch 
nor the STG I BO was the most critical event during the powered 
flight. However, the final design loads seem generally adequate 
for the design purpose in view of the positive margins of safety, 
3) neglecting the MECO II event is a serious omission. 


The simplicity of the loads analysis approach using shock 
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spectra is the main driving factor for its application by the pro- 
jects despite its high probability of a weight penalty. This sim- 
plicity is derived from the fact that the launch vehicle/payload 
composite model is not required thus eliminating the interface ac- 
tivities between various organizations. However, it does require 
the estimations of dynamic environments at the launch vehicle/pay- 
load interface. These environments are most likely estimated from 
the previous flights of similar launch vehicles. For those events 
in which the payload characteristics are dominant in the composite 
system such as the MECO II event, an accurate estimation of the en- 
vironment can be made only if a substantial number of flights with 
various or at least similar payload characteristics are available. 
Obviously, the 4 Titan-Centaur flights prior to the Voyager were 
not enough for the analysts to realize that the MECO II event was 
important. 


Jne of the design criteria for the future shuttle payload is 
the emergency landing in which the urpowered shuttle orbiter will 
land with its full payload (Ref. 12). In this event, the payload 
and the orbiter are heavily coupled such that the dynamic environ- 
ment is very much dependent on the payload characteristics. There- 
fore, one should be aware that if the dynamic environment cannov 
be estimated with sufficient accuracy, then a transient loads anal- 
ysis should be performed. 
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TABLE 6 


COMPARISON OF OVERALL MAXIMUM LUADS AND 
MARGIN OF SAFCTY 
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TABLE 6 


(continued) 
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